Physics & Astronomy Faculty Publications

Physics and Astronomy

8-24-2021

The LargE Area Burst Polarimeter (LEAP) a NASA Mission of
Opportunity for the ISS
Bing Zhang
University of Nevda, Las Vegas, bing.zhang@unlv.edu

Numerous Authors, See Full List Below

Follow this and additional works at: https://digitalscholarship.unlv.edu/physastr_fac_articles
Part of the Instrumentation Commons

Repository Citation
McConnell, M. L., Baring, M., Bloser, P. F., Briggs, M., Ertley, C., Fletcher, G., Gaskin, J., Gelmis, K., Goldstein,
A., Grove, J. E., Hartmann, D., Hui, M., Jenke, P., Kippen, R. M., Kislat, F., Kocevski, D., Kole, M., Krizmanic, J.
F., Legere, J., . . . Zhang, B. (2021). The LargE Area burst Polarimeter (LEAP) – A NASA mission of
opportunity for the ISS. UV, X-Ray, and Gamma-Ray Space Instrumentation for Astronomy XXII.
https://doi.org/10.1117/12.2594737

This Conference Proceeding is protected by copyright and/or related rights. It has been brought to you by Digital
Scholarship@UNLV with permission from the rights-holder(s). You are free to use this Conference Proceeding in
any way that is permitted by the copyright and related rights legislation that applies to your use. For other uses you
need to obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative
Commons license in the record and/or on the work itself.
This Conference Proceeding has been accepted for inclusion in Physics & Astronomy Faculty Publications by an
authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.

PROCEEDINGS OF SPIE
SPIEDigitalLibrary.org/conference-proceedings-of-spie

The LargE Area burst Polarimeter
(LEAP) a NASA mission of
opportunity for the ISS

McConnell, Mark, Baring, Matthew, Bloser, Peter, Briggs,
Michael, Ertley, Camden, et al.

Mark L. McConnell, Matthew Baring, Peter Bloser, Michael S. Briggs, Camden
Ertley, Greg Fletcher, Jessica Gaskin, Karen Gelmis, Adam Goldstein, Eric
Grove, Dieter H. Hartmann, Michelle Hui, Peter Jenke, R. Marc Kippen,
Fabian Kislat, Daneil Kocevski, Merlin Kole, John F. Krizmanic, Jason Legere,
Tyson Littenberg, Neil Martin, Sheila McBreen, Don McQueen, Chip Meegan,
Karla Oñate Melecio, Mark Pearce, Rob Preece, Nicolas Produit, James
Ryan, Steven Sturner, Peter Veres, W. Thomas Vestrand, Colleen WilsonHodge, Bing Zhang, "The LargE Area burst Polarimeter (LEAP) a NASA
mission of opportunity for the ISS," Proc. SPIE 11821, UV, X-Ray, and
Gamma-Ray Space Instrumentation for Astronomy XXII, 118210P (24 August
2021); doi: 10.1117/12.2594737
Event: SPIE Optical Engineering + Applications, 2021, San Diego, California,
United States
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Dec 2021 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

The LargE Area burst Polarimeter (LEAP)
A NASA Mission of Opportunity for the ISS
Mark L. McConnella,b , Matthew Baringc , Peter Bloserd , Michael S. Briggse , Camden Ertleyb ,
Greg Fletcherf , Jessica Gasking , Karen Gelmisg , Adam Goldsteinh , Eric Grovei , Dieter H.
Hartmanj , Michelle Huig , Peter Jenkee , R. Marc Kippend , Fabian Kislata , Daniel Kocevskig ,
Merlin Kolek , John F Krizmanicl,m , Jason Legerea , Tyson Littenbergg , Neil Marting , Sheila
McBreenn , Don McQueeng , Chip Meegane , Karla Oñate Melecioa , Mark Pearceo , Rob Preecee ,
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ABSTRACT
The LargE Area Burst Polarimeter (LEAP) will radically improve our understanding of some of the most
energetic phenomena in our Universe by exposing the underlying physics that governs astrophysical jets and the
extreme environment surrounding newborn compact objects. LEAP will do this by making the highest fidelity
polarization measurements to date of the prompt gamma-ray emission from a large sample of Gamma-Ray Bursts
(GRBs). The LEAP science objectives are met with a single instrument – a wide FOV Compton polarimeter
that measures GRB polarization over the energy range from 50–500 keV and performs GRB spectroscopy from
20 keV to 5 MeV. It will be deployed as an external payload on the International Space Station (ISS) in 2025
for a three year mission. The instrument is based on standard, well-proven technologies that requires no new
technology development. LEAP measures polarization using seven independent polarimeter modules, each with
a 12×12 array of optically isolated high-Z and low-Z scintillation detectors read out by individual PMTs. The
large FOV derives from the random distribution of GRBs in both space and time, and means that there is
no preferred pointing direction on the celestial sphere. This feature, combined with the resources, and wellunderstood operations of ISS, provide the foundation for a straightforward mission design. LEAP is one of two
NASA Missions of Opportunity proposals that are currently in a Phase A Concept Study, with a final selection
due later this year.
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1. INTRODUCTION
The LargE Area burst Polarimeter (LEAP) is designed to unravel the physics behind the formation and evolution
of two of the most intriguing phenomena in astrophysics – astrophysical jets and black holes. LEAP does so by
investigating the nature of γ-ray bursts (GRBs), making the highest fidelity polarization measurements to date
of the prompt γ-ray emission from a large sample of GRBs.
The nature of jets is a central theme in many areas of astrophysical research. They form and propagate under
conditions covering a wide range of size and mass scales in a diverse set of cosmic systems—including proto-stars,
white dwarfs, neutron stars, stellar-mass black holes, and supermassive black holes. Jets are typically observed
as an outflow along the rotation axis of an accretion disk and result from the conversion of inflowing energy
into axially directed energy, by mechanisms not yet thoroughly understood. The ultra-relativistic jets associated
with GRBs are the most powerful manifestation of this phenomenon and can be used as a proxy for studying
the ubiquitous phenomena of astrophysical jets. In the case of black holes, observations of the associated jets
can also be used to test our theoretical understanding of the nature of space-time around black holes.
LEAP addresses five key science objectives that are derived directly from the science goal. Four of these
objectives are directly related to the fundamental physics of GRB jets. LEAP will: 1) determine the jet magnetic
field structure (Are the magnetic fields randomly oriented or are they oriented in an ordered fashion?); 2)
determine the jet composition (Is the jet dominated by matter or by magnetic fields?); 3) determine the jet
energy dissipation process (Is the energy dissipation via internal shocks or magnetic reconnection?); and 4)
determine the prompt emission mechanism (Is the mechanism synchrotron or Comptonization?). A fifth science
objective calls for LEAP to generate a rapid response to each GRB that enables follow up observations in other
wavelengths. These observations will provide an important service to the observer community and enhance the
scientific value of the LEAP data.
Derived from these science objectives, the science investigation is based on the ability to distinguish between
three classes of GRB models,1 as shown in Figure 1. The baseline science investigation requires the observation
of 65 GRBs, with a sensitivity defined by a Minimum Detectable Polarization (MDP) of 30%. The threshold
science investigation requires the observation of 30 GRBs at the same sensitivity level (30% MDP), which can be
reached after 13 months on orbit (assuming a fully-functional instrument). The threshold science investigation
alone achieves a ten-fold increase in the number of highly sensitive polarization measurements over any previous
mission. Evidence of polarized γ-ray emission in GRBs (> 100 keV) has been accumulated in recent years, but
the limited sensitivity of these measurements does not yet render a clear picture of the underlying physics.2–5 A
sensitive and systematic study of GRB polarization, such as that provided by LEAP, is needed to remedy this
situation.

Figure 1: Different GRB model classes predict different
fractions of events with polarization values above 30%.
LEAP is capable of measuring the polarization of these
events if the observation has an MDP <30%. This figure
shows how many such measurements are need by LEAP
to distinguish three different model classes. Vertical lines
indicate the number of GRBs required for the baseline
mission (65 GRBs) and the threshold mission (30 GRBs).
The estimated performance of LEAP for a three year mission (83) is also shown.
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Although the focus of the LEAP mission is on our understanding of GRBs through polarization measurements,
a significant amount of additional science will be enabled by LEAP. The dramatic discovery of gravitational waves
(GW) associated with merging compact objects, and their association with a GRB, renders the detection of short
GRBs of the utmost importance, especially as the GW detection efficiency continues to improve. With its large
detection area, LEAP will be the premier instrument for detecting and studying short GRBs and for correlating
observations. Other topics include magnetars (as represented by Soft Gamma-ray Repeaters - SGRs), accreting
pulsars, and Terrestrial Gamma-ray Flashes (TGFs). The timing of the LEAP mission is also very fortuitous in
that it comes near the peak of the next solar cycle. This affords an opportunity for important cross-disciplinary
research. Solar flare polarization measurements by LEAP will establish the particle acceleration processes that
take place in our cosmic backyard. The very same instrumentation that is designed to measure GRB polarization
can also measure γ-ray polarization in solar flares with a sensitivity that far exceeds anything that has previously
been achieved. The secondary science enabled by LEAP will result in explorations related to a wide variety of
astrophysical environments extending from the solar system to the edge of the visible Universe.

2. TECHNICAL APPROACH
The LEAP science objectives are met with a single instrument—a wide FOV Compton polarimeter that measures
GRB polarization over the energy range from 50–500 keV and performs GRB spectroscopy from 20 keV to 5 MeV.
The instrument itself is based on standard, well-proven technologies (in the form of traditional PMT-scintillator
detectors) that require no new technology development. The large FOV, driven by the random distribution
of GRBs in both space and time, means that there is no preferred pointing direction on the celestial sphere.
These features, combined with the capability, resources, and well-understood operations associated with the
International Space Station (ISS), provide the foundation for a very simple mission design (Figure 2.
As noted in the NASA 2014 Science Plan, “the ISS is useful for astrophysics research because it offers a large,
stable platform that can support experiments with large mass, large power requirements, high data rates, and
modest pointing requirements, which would be difficult or impossible to support on a satellite bus.” LEAP takes
full advantage of these unique capabilities to help make this a low-risk, groundbreaking mission. The attachment
site on ISS (Figure 2) is chosen based largely on the need to minimize the presence of ISS structures (including
docked spacecraft) within the forward hemisphere of the instrument and to keep the Earth out of the FOV.
Minimizing the effects of radiation sources carried by Soyuz spacecraft is also considered. Although there are no

Figure 2: LEAP is designed to be installed as an external payload on the International Space Station (ISS). Although
there is flexibility in terms of where LEAP can be deployed, the zenith-facing site on the Columbus module has been
chosen as a baseline.
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substantial pointing requirements, aspect knowledge is required at all times. A dedicated star tracker provides
the necessary attitude solutions.

Figure 3: The LEAP payload shown assembled (left) and in an exploded view (right). The Columbus External Payload
Adapter) CEPA provides the interface to ISS on the Columbus module.
LEAP is a mechanically passive instrument with largely autonomous operations. It requires almost no
mission planning. When LEAP detects the presence of a transient event (characterized by a sudden increase in
detector counting rates), the instrument automatically switches into a Transient Mode to ensure the recording
of all necessary data, some of which is relayed to the ground within seconds for dissemination to the worldwide
observer community. The straightforward mission operations draw heavily upon LEAP team experience with
CGRO-BATSE, CGRO-COMPTEL, and Fermi-GBM. The Instrument Operations Center (IOC), located at the
University of New Hampshire, is responsible for monitoring state of health, instrument commanding, and low-level
data processing. The Science Operations Center (SOC), located at the University of Alabama in Huntsville, is
responsible for developing and maintaining the scientific analysis software, generating higher-level data products,
and disseminating rapid response GRB parameters to the scientific community. This rapid alert processing, made
possible by the near-continuous ISS downlink, represents a valuable service to the community and enhances the
LEAP mission itself by insuring the availability of context observations. All LEAP data are publicly archived in a
timely fashion at the High Energy Astrophysics Science Archive Research Center (HEASARC) at NASA/GSFC.
LEAP complements several current and planned NASA missions, and its simple design and lack of consumables allows for a flexible launch date and an extendable mission lifetime. The mission duration of three years
achieves the baseline science objectives. LEAP does not rely on other instruments or missions to acquire the
data needed for the polarization analysis. In addition to accumulating high-quality spectral data, LEAP selfsufficiently provides the source localization required for the data analysis. The instrument features a modular,
fault-tolerant design consisting of seven identical independent LEAP Polarimeter Modules (LPMs), a Passive
Shield Assembly (PSA), a Central Electronics Box (CEB), a star tracker, and a Global Positioning Satellite
(GPS) receiver. A Power Adapter Box (PAB) converts ISS 120V power to the 28V power required by LEAP.
The various components of the payload are shown in Figure 3.
The design of this non-imaging polarimeter instrument is a consequence of the large FOV requirement and the
fact that Compton scattering dominates as an interaction process at these energies. This design is in contrast
to focusing polarimeters, that are intentionally designed to be pointed instruments, such as IXPE6 and XLCalibur,7 that have an extremely limited FOV. These imaging instruments are unlikely to capture prompt GRB
emission within their FOV.
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Figure 4: LEAP operates as a Compton polarimeter. Ideally, an incident photon will Compton scatter in a plastic
detector element and be full absorbed in a CsI(Tl) element (left). The layout of plastic and CsI(Tl) elements is chosen to
maximize the performance (right).

3. MEASUREMENT PRINCIPLE
In Compton scattering, photons are preferentially scattered about the incident photon direction at a right angle
to the incident electric-field vector (the polarization vector).4, 5, 8 LEAP measures the angular distribution of
scattered photons in a plane perpendicular to the instrument pointing direction (Figure 4). This distribution,
referred to as the azimuthal scatter angle (φ) distribution, carries with it the polarization signature of the
incident flux (Figure 5). If the incident beam is unpolarized, the distribution will be flat. If the incident beam
of photons is linearly polarized, the distribution follows the form of cos 2(φ − φo + π/2), where the polarization
angle (φo ) is defined by the minimum of the distribution. The magnitude of the polarization (Π) is derived from
the amplitude of the sinusoid with respect to the overall signal, which is quantified in terms of the modulation
factor (µ). The energy- and angle-dependent modulation factor for a completely polarized incident beam (µ100 )
is a figure-of-merit for a polarimeter and is typically determined from simulations. For the standard polarization
analysis, the polarization of the incident flux is derived from the observed modulation (µobs ) as Π = µobs /µ100 .
For a given observation, the sensitivity of a polarimeter measurement is defined in terms of the MDP, which
represents the minimum level of polarization that can be detected. At the 99% confidence level, this can be
written as,
4.29
M DP =
µ100 FS Aef f



FS Aef f + RB
t

1/2
(1)

where µ100 is the modulation factor for a fully polarized source, FS is the source flux (photons cm−2 s−1 ), Aef f
is the detector effective area (cm2 ), RB is the background (counts s−1 ), and t is the observation time. When the
MDP is expressed at the 99% confidence level, there is a 1% probability for an unpolarized GRB to yield Π > MDP
through statistical fluctuations. As the source moves further off-axis, the modulation amplitude decreases, and
the scatter angle distribution becomes slightly distorted.9 The LEAP analysis incorporates detailed simulations,
taking these effects into account.
The standard histogram analysis (described above) can be improved upon by using a maximum likelihood
approach that avoids the binning of data and incorporates not just the azimuthal scatter angle, but also the
polar (Compton) scatter angle.10 By retaining more complete information about each event and avoiding the
loss of information from the binning of data, this approach offers improved sensitivity, typically by about 20%.
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Figure 5: The distribution of scatter directions within
the detection plane carries with it a polarization signature that defines both the level of polarization and the
polarization angle. The modulation factor (µ) defines
the amplitude of the modulation pattern. The observed
modulation factor relative to that predicted for a fully
polarized source provides a measure of the polarization
fraction. The minimum of the distribution defines the
polarization angle. An unpolarized source shows a uniform distribution.

A maximum likelihood analysis has been demonstrated in the analysis of Compton Spectrometer and Imager
(COSI) balloon-flight data from GRB 160530A.11, 12 This approach offers the possibility of improving the LEAP
data analysis, given that the Compton scatter angle can be reliably determined based on measures of energy at
two distinct interaction sites and that the design insures a high probability of absorption of the scattered photon.

4. INSTRUMENT DESIGN
The LEAP polarimeter instrument is comprised of three primary components (Figure 3): the polarimeter array,
consisting of seven LEAP Polarimeter Modules (LPMs), the Central Electronics Box (CEB), and the Passive
Shield Assembly (PSA). Ancillary data (attitude and timing data) are provided by a Star Tracker and a GPS
receiver, both of which feed data to the CEB. Each independent LPM houses an array of 144 independent,
optically isolated Polarimeter Detector Elements (PDEs), along with the electronics needed to provide high
voltage (HV) to each PMT, to process the analog signals, and to generate digital event data (Figure 6).

4.1 Polarimeter Detector Elements (PDE)
The PDE array is designed to measure photons that scatter between two or more elements, to unambiguously
characterize each photon scatter event, and to measure the direction of Compton scattered photons within the
detection plane. The specific arrangement of the 144 PDEs (84 plastic elements and 60 CsI(Tl) elements) is
designed to maximize the effective area and polarization response (Figure 4). Each PDE is fabricated and tested
as a standalone unit that includes a scintillator element, PMT, HV divider, and preamplifier (Figure 6). The
17 × 17-mm cross-sectional area of the scintillator is dictated by the size of the smallest appropriate PMT. The
100-mm depth of the scintillator is dictated by the required detection sensitivity and light collection efficiency.
The scintillator is wrapped in 3M Vikuiti® Enhanced Specular Reflector (ESR) film to maximize light collection.
The scintillator is tapered to a circular base at the lower end to match the 8-mm photocathode diameter of a
Hamamatsu R9880-210 PMT. Optical coupling is provided by flight-proven Dow Corning® 93–500. Each PDE
assembly is contained within an optically isolated housing, fabricated from black Victrex® PEEK™plastic. The
scintillator material is either low-Z plastic scintillator (Eljen EJ-200) or high-Z CsI(Tl) scintillator (Proteus).
The same PDE design is used for both types, but the preamp gain and shaping time constants are chosen
to give similar output pulse-shape despite the difference in scintillator response. At the energies of interest,
the low-Z scintillator is optimized for Compton scattering, whereas the high-Z material is optimized for total
absorption. (Because of its total absorption characteristics, the high-Z detector detectors are sometimes referred
to as calorimeter elements.) The full energy absorption of each photon is an advantage of this polarimeter design,
enabling a reliable determination of the Compton scatter angle, which offers improved sensitivity.10–12 LEAP
is optimized for polarimetry in the 50–500 keV energy range. To attain the 50 keV threshold, the low energy
threshold of the plastic elements must be 5 keV or less. (A threshold of ∼5 keV has been demonstrated in the
lab with a prototype PDE.) The full operating range is 5 keV to 1 MeV for each plastic element and 20 keV
to 5 MeV for each calorimeter element. The full energy range of the individual PDEs is exploited to provide
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spectroscopy in an energy range that is much broader than that for polarimetry, thus enabling a broad-band
characterization of the GRB spectrum.

Figure 6: Exploded views of a single Polarimeter Detector Element (PDE - left) and a single LEAP Polarimeter Module
(LPM - right). Each LPM includes 144 PDEs, which are a mix of plastic (grey) and CsI(Tl) (red) scintillators.
The most intense GRB recorded during the first 10 years of GBM data13 reached a peak flux of ∼1000
photons cm−2 s−1 . For a single LEAP detector element, with a cross-sectional area of 2.89 cm2 , this corresponds
to a single element trigger rate of ∼3 kHz. This is well below the regime for pulse pileup. For the most intense
solar flares, occurring only a few times per solar cycle, individual detector trigger rates could reach ∼100 kHz.
At these rates, there will be deadtime and pileup issues, but LEAP will continue to operate, albeit with degraded
performance.
The azimuthal scatter angle is determined for each event by the relative locations of the triggered scintillator
elements. Each module independently detects and analyzes four types of coincidence events, which we designate
as plastic-calorimeter (PC), plastic-plastic (PP), calorimeter-calorimeter (CC), and plastic-plastic-calorimeter
(PPC). Events that trigger more than three elements or three site events that trigger more than one calorimeter
are not normally recorded, as these don’t contain useful polarimetry information. The maximum multiplicity
(the number of triggered elements recorded for each event) can be adjusted by command up to a value of 8.

4.2 LPM Electronics
The purpose of the LPM electronics (Figure 6) is to process the analog signals from the 144 detectors, identify
coincidence signals, and transfer digitized events to the CEB. Each independent detector element, with dedicated
HV divider and preamp board, is connected at its base to the module bus board. Along with providing a
mechanical alignment interface, the bus board also provides the electrical interfaces to the power board for both
low-voltage (LV) and HV, as well as the conditioned anode signals to the analog board. There are 12 analog board
stacks within each LPM. Each three-layer stack provides 12 independent analog channels, each of which includes
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a constant fraction discriminator for high-resolution timing and a 16-bit ADC for pulse height capture (although
only 10 bits are used to provide a 1024 channel pulse height). The discriminator thresholds are individually
adjustable for each channel to compensate for individual detector gain differences. The digital board contains
an FPGA for the event logic and control, the accumulation of housekeeping data, and the interface to the CEB.
The FPGA monitors signals from all 144 detectors. When any single detector fires, a 100 ns timing window is
opened, after which all detectors are evaluated to identify those detector elements that are also triggered. For
each event, pulse height and location data from up to eight detectors are recorded. The time-stamped event
is written to an internal first-in-first-out (FIFO) buffer for later readout by the CEB. Event processing time
depends on how many detectors are being read out but is typically ∼2.5 µs. The FPGA processes all events
in the same manner regardless of instrument mode. The LPM power board contains four separate HV power
supplies (HVPSs) plus one LV power supply. The four independent HVPSs are used to provide ∼ 1000 V to
each of the PMTs. Each HVPS can be independently controlled, so that each bank of detectors can be turned
on and off. There is no provision for HV control of individual PMTs, but the FPGA individually controls the
power to each channel and can shut down a channel if it malfunctions.

5. INSTRUMENT PERFORMANCE
In addition to using pre-flight calibrations, the scientific performance of LEAP is assessed using four sets of
simulations that are designed to: 1) estimate the on-orbit background, 2) determine the ability of LEAP to
localize a GRB, 3) determine the instrument spectral and polarization response parameters, and 4) model the
GRB flux absorption and scattering effects of ISS structures. The ability to localize a source ensures that
the proper response is being used in the analysis. The response parameters, combined with the instrumental
background, give us an estimate of the MDP, as a function of source flux, duration, and direction. All simulations
are based on GEANT simulation packages.14, 15
Any ISS structure within the FOV (such as the solar panels that move through the FOV as they track the
Sun) may not only attenuate the direct flux but may also scatter flux into the detectors. Studies have shown
that, from the preferred attachment sites, the instantaneous percentage of the FOV blocked by the solar panels is
typically no more than 5-10%. Few GRB events are blocked by the panels. Any GRB that takes place behind a
solar panel is identified by the spectrum, which is increasingly attenuated at lower energies. Scattered flux from
the GRB (typically no more than ∼5% of the direct flux) must always be considered in the analysis of both the
spectrum and the polarization. Accurate simulations, incorporating knowledge of the location and orientation of
the solar panels, model these effects. Accounting for scattering effects through comprehensive simulations was
successfully demonstrated with GBM over a large FOV that included scattering off spacecraft structures and the
atmosphere.16 The GBM experience shows that this approach is effective for LEAP.

5.1 Field-of-View
Photons can reach the LEAP detectors from anywhere within the forward hemisphere (2π sr) of the instrument.
LEAP maintains some level of polarization sensitivity out to very large off-axis angles. Performance estimates
are based on estimates of GRBs that take place within ±75◦ of the instrument pointing direction, which defines
the functional FOV as 75◦ (1.5π sr). Minimal obstructions within the FOV maximize sky exposure and minimize
photon absorption and scattering effects, any of which must be accurately modeled in the analysis of a given
GRB. For structures at larger off-axis angles (> 75◦ off-axis), attenuation effects are not important, but scattering
effects can still be significant. The Earth should remain outside the forward hemisphere to limit the background
due to atmospheric albedo.

5.2 Background
Modeling of the LEAP background is based on input spectra derived from Cumani et al.17 for a 400-km, 52◦
inclination orbit. Contributors to the background include cosmic diffuse γ-rays, atmospheric albedo γ-rays,
protons (primary and secondary), electrons (primary and secondary), and albedo neutrons. Many of these
radiation components vary as a function of local geomagnetic rigidity and phase of the solar cycle. For γ-ray
instruments on the ISS, there is also significant background introduced by the presence of Soyuz spacecraft, each
of which carries a strong (∼1 Ci) source of 137 Cs as part of a γ-ray altimeter used during landing.18 Modeling
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Figure 7: Simulated background spectra for polarimetry (dominant PC events only - left) and spectroscopy (dominant
C events only - right). The impact of a Soyuz source at the RASSVET docking port is the dominant component of the
background near 200 keV.
the impact of these sources on the LEAP background is based on studies conducted by the ISS-NICER team to
estimate the spectrum of the radiation emerging from Soyuz spacecraft. Simulations of the various background
components for both coincident PC events and singles C events are shown in Figure 7. The passive shield design
and the (site-dependent) orientation of LEAP on the ISS are both influenced by these results. The PSA, payload
orientation, and location on ISS are all factors designed to mitigate the γ-ray background from docked Soyuz
spacecraft and any other sources outside of LEAP’s forward hemisphere.

5.3 Source Localization
To accurately reconstruct the source spectrum and polarization, it is necessary to account for the angular dependence of the instrument response. Knowledge of the source location is therefore required for LEAP data analysis.
Precise localizations from other spacecraft are not necessary but are used when available. To ensure location
data is available in all cases, LEAP self-sufficiently determines the source direction. The LEAP localization

Figure 8: Source localization is determined from the relative response of all 420 CsI(Tl) detectors (the red elements
on the left). The localization error as a function of MDP (right) shows that, for GRBs with an MDP of <30%, the 1σ
localization error is ∼8◦ or less.
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algorithm draws extensively on the experience in the development of localization algorithms for both BATSE19
and FermiGBM.16 It uses singles events from all 420 calorimeter elements, whose relative response provides the
source direction (Figure 8). The ability of LEAP to localize GRBs is comparable to BATSE or GBM. Simulations show a well-defined correlation between the MDP of a burst measurement and the statistical localization
uncertainty (Figure 8). For events with MDP < 30%, the LEAP 1σ (statistical) location error is generally in the
range of 1−5◦ . Assuming a systematic localization error of 3◦ (comparable to GBM; Goldstein et al. 2020), total
localization errors of < 5◦ (1σ) are obtained at a rate of about 40 per year. This is sufficiently precise to enable
rapid followup by many ground-based instruments. The impact of location uncertainties on the measurement
of fractional polarization and polarization angle has been studied using simulations that incorporate a realistic
estimate of the background. The uncertainty in the polarization measurement is driven largely by source and
background statistics. Large localization uncertainties have much less of an impact on the measurement. For
example, in the case of a GRB measured with a sensitivity level (MDP) of 30%, a localization uncertainty of
< 15◦ (1σ) insures a negligible impact on the polarization uncertainty. This is well within the capability of
LEAP to localize the GRB, even when systematic effects are accounted for.

5.4 Spectroscopy
Spectroscopic information is provided by all event types, including those that simultaneously measure polarization. The total measured energy deposit is a sum of the energy deposits in all triggered elements. For PC events,
the total energy resolution (∆EFWHM /E) is 50% at 100 keV, providing ∼3 independent energy bins between
50 and 300 keV for exploring the polarization energy-dependence. Single calorimeter (C) events, coupled with
CC events, provide the most valuable spectroscopy data, covering an energy range from 20 keV up to 5 MeV
with large effective area and improved energy resolution (40% at 100 keV). Single plastic (P) events extend the
energy coverage down to ∼10 keV (limited by attenuation in the scintillator housing), but these events are of
minimal spectroscopic value. As a GRB spectrometer, LEAP provides significantly more effective area than a
single Large Area Detector (LAD) on CGRO-BATSE (Figure 9).

Figure 9: Total mono-energetic effective area for polarimetry (left) and spectroscopy (right). In both cases, comparisons
are made with other recent instruments.

In-flight energy calibrations rely on background lines that result from the on-orbit radiation environment.
The most prominent of these is expected to be at 511 keV. Internal background lines at 57.6 keV and 202.9
keV from cosmic ray activation of the 127 I in the CsI(Tl) are also used. These lines are used to perform gain
corrections during the software processing of the flight data. Line features in the calorimeter elements allow for
direct calibration of these elements (roughly once per orbit) using C events. Calibration of each plastic element
is then achieved using the coincident PC events by subtraction. (We are currently studying improved calibration
schemes that can be easily implemented to provide more precise on-orbit energy calibration.) A continuum
spectrum calibration is achieved through measuring the Crab pulsar by subtracting off-pulse data from on-pulse
data. Calibration of the source localization is derived from observations of GRBs with independent localizations
and from solar flares.
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Figure 10: Polarization response of the 50-300 keV continuum of three different GRB spectral shapes. Total 50-300 keV
effective area is shown for PC events (left) as a function of incidence angle. The modulation factor of PC events (for a
fully polarized source) is shown as a function of incidence angle (right).

5.5 Polarimetry
LEAP measures polarization over the energy range of 50–500 keV. The PC events, in which a photon predominantly Compton scatters in one of the plastic elements and is subsequently absorbed in one of the calorimeter
elements, are the most common coincidence event type. PC, PP, and CC event types all carry a polarization
signature, although the PC events are most useful (Figure 9). Simulations show PPC events are dominated by
photons that scatter between two plastic elements followed by the subsequent absorption of the photon in a
calorimeter; the PP component of these events also carries a polarization signature. LEAP is sensitive to GRBs
that take place over a wide FOV (Figure 10). Performance estimates are based on GRBs that are measured out
to 75◦ off axis.

6. GRB MEASUREMENTS
The energy and direction-dependent effective area (Aeff ) and the modulation factor for a fully polarized beam
(µ100 ) have been determined from simulations spanning a range in energy, spectral shape, and incidence direction.
The on-axis effective area and modulation factor for various event types, as a function of monoenergetic source
energy, are shown in Figure 9. The on-axis spectroscopic effective area is much larger than the effective area
for polarimetry and incorporates all event types. The C and CC events provide spectroscopy data over a larger
energy range (20 keV to 5 MeV) with better energy resolution than other event types. Broadband (50-300 keV)
effective area and modulation factors are shown for representative GRB spectra in Figure 10 for various incidence
angles. These data have been used in estimates of instrument performance. Figure 11 shows, for a three year
mission, the number of expected GRBs as a function of MDP. These estimates show that LEAP can attain its
baseline requirement of 65 GRBs with <30% MDP.

7. SUMMARY
The LEAP mission is one of two Missions of Opportunity currently being reviewed by NASA, with a selection
expected in the fall of 2021. LEAP would be deployed in 2025 as an external payload on the ISS for a three
year mission. Its capabilities are comparable to (although somewhat better than) those of POLAR2, which is
scheduled to be mounted on the Chinese space station in 2024.20 In addition to pioneering observations of GRB
polarization, LEAP will serve as a sensitive detector for short GRBs, providing coincident measurements with
gravitational wave detectors. Its deployment near solar maximum also means that it will provide a comprehensive
set of high quality data for solar flare polarimetry measurements. It will therefore be able to study particle
acceleration both within the solar system and at the furthest reaches of the Universe.
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Figure 11: The baseline mission requires measuring 65
GRBs with a 50–300 keV MDP of 30% or better, which
LEAP will be able to achieve in three years. Note also
that LEAP is expected to measure 140 GRBs with an
MDP of 40% or better, and roughly 10 GRBs with an
MDP of 5% or better.
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[2] Covino, S. and Götz, D., “Polarization of prompt and afterglow emission of Gamma-Ray Bursts,” Astronomical & Astrophysical Transactions 29(2), 205 – 244 (2016).
[3] McConnell, M. L., “High energy polarimetry of prompt GRB emission,” New Astronomy Reviews 76, 1 –
21 (2017).
[4] Tatischeff, V., McConnell, M. L., and Laurent, P., “Astronomical Polarisation from the Infrared to Gamma
Rays,” Astrophysics and Space Science Library, 109–146 (2019).
[5] Chattopadhyay, T., “Hard X-ray Polarimetry – An overview of the method, science drivers and recent
findings,” arXiv (2021).
[6] O’dell, S. L., Baldini, L., Bellazzini, R., Costa, E., Elsner, R. F., Kaspi, V. M., Kolodziejczak, J. J.,
Latronico, L., Marshall, H. L., Matt, G., Mulieri, F., Ramsey, B. D., Romani, R. W., Soffitta, P., Tennant,
A. F., Weisskopf, M. C., Sgro, C., Pesce-Rollins, M., Manfreda, A., Lalla, N. D., Tamagawa, T., Barbanera,
M., Ceccanti, M., Citraro, S., Minuti, M., Nasimi, H., Orsini, L., Pinchera, M., Zanetti, D., Borotto, F.,
Maldera, S., Marengo, M., Mereu, P., Mosti, F., Tardiola, M., Deininger, W. D., Kalinowski, W., Bladt,
J., Wedmore, J., Pentz, C., Read, T., Guy, L., McEachen, M., Peterson, C., Osborne, D., Masciarelli, J.,
Mitchell, S., Smith, B. T., Antoniak, S., Johnson, S., Bussinger, S., Bygott, K., Allen, Z., Erickson, J.,
Schindhelm, S., Seckar, C., Amici, F., Attinà, P., Bachetti, M., Monte, E. d., Persio, G. D., Evangelista, Y.,
Fabiani, S., Ferrazzoli, R., Giusti, M., Lefevre, C., Morbidini, A., Perri, M., Piazzolla, R., Pilia, M., Rubini,
A., Santoli, F., Tobia, A., Tortosa, A., Trois, A., Negri, B., Cavazzuti, E., Donnarumma, I., Puccetti, S.,
Pieraccini, S., Sarra, P., Sciortino, A., Baumgartner, W. H., Bongiorno, S. D., Mitsuishi, I., Gunji, S.,
Kilaru, K., Speegle, C. O., Pavelitz, S. D., Ranganathan, J., Weddendorf, B., Brooks, T., Mitchell, M. A.,
Kelley, A. R., Dietz, K. L., and Foster, M., “The Imaging X-ray Polarimetry Explorer (IXPE): technical
overview,” in [Proc. SPIE], Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray 10699,
106991X–1 (2018).
[7] Abarr, Q., Awaki, H., Baring, M., Bose, R., Geronimo, G. D., Dowkontt, P., Errando, M., Guarino,
V., Hattori, K., Hayashida, K., Imazato, F., Ishida, M., Iyer, N., Kislat, F., Kiss, M., Kitaguchi, T.,
Krawczynski, H., Lisalda, L., Matake, H., Maeda, Y., Matsumoto, H., Mineta, T., Miyazawa, T., Mizuno,

Proc. of SPIE Vol. 11821 118210P-12
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Dec 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

[8]
[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

T., Okajima, T., Pearce, M., Rauch, B., Ryde, F., Shreves, C., Spooner, S., Stana, T.-A., Takahashi,
H., Takeo, M., Tamagawa, T., Tamura, K., Tsunemi, H., Uchida, N., Uchida, Y., West, A., Wulf, E.,
and Yamamoto, R., “XL-Calibur – a second-generation balloon-borne hard X-ray polarimetry mission,”
Astroparticle Physics 126, 102529 (2021).
Lei, F., Dean, A. J. J., and Hills, G. L., “Compton Polarimetry in Gamma-Ray Astronomy,” Space Science
Reviews 82(3), 309 – 388 (1997).
Muleri, F., “On the Operation of X-Ray Polarimeters with a Large Field of View,” Astrophysical Journal 782(1), 28 (2014).
Krawczynski, H. S., “Analysis of the data from Compton X-ray polarimeters which measure the azimuthal
and polar scattering angles,” Astroparticle Physics 34(1), 784 – 788 (2011).
Lowell, A. W., Boggs, S. E., Chiu, C. L., Kierans, C. A., Sleator, C., Tomsick, J. A., Zoglauer, A. C.,
Chang, H.-K., Tseng, C. H., Yang, C. Y., Jean, P., Ballmoos, P. v., Lin, C. H., and Amman, M., “Polarimetric Analysis of the Long Duration Gamma-Ray Burst GRB 160530A With the Balloon Borne Compton
Spectrometer and Imager,” Astrophysical Journal 848(2), 119 (2017).
Lowell, A. W., Boggs, S. E., Chiu, C. L., Kierans, C. A., Sleator, C., Tomsick, J. A., Zoglauer, A. C., Chang,
H.-K., Tseng, C. H., Yang, C. Y., Jean, P., Ballmoos, P. v., Lin, C. H., and Amman, M., “Maximum Likelihood Compton Polarimetry with the Compton Spectrometer and Imager,” Astrophysical Journal 848(2),
120 (2017).
Kienlin, A. v., Meegan, C. A., Paciesas, W. S., Bhat, P. N., Bissaldi, E., Briggs, M. S., Burns, E., Cleveland,
W. H., Gibby, M. H., Giles, M. M., Goldstein, A., Hamburg, R., Hui, C. M., Kocevski, D., Mailyan, B.,
Malacaria, C., Poolakkil, S., Preece, R. D., Roberts, O. J., Veres, P., and Wilson-Hodge, C. A., “The Fourth
Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data,” The Astrophysical Journal 893(1), 46 (2020).
Sturner, S. J., Seifert, H., Shrader, C., and Teegarden, B. J., “MGEANT-A GEANT-based multi-purpose
simulation package for gamma-ray astronomy missions,” THE FIFTH COMPTON SYMPOSIUM. AIP
Conference Proceedings 510, 814 – 818 (2000).
Agostinelli, S., Allison, J., Amako, K., Apostolakis, J., Araujo, H., Arce, P., Asai, M., Axen, D., Banerjee, S.,
Barrand, G., Behner, F., Bellagamba, L., Boudreau, J., Broglia, L., Brunengo, A., Burkhardt, H., Chauvie,
S., Chuma, J., Chytracek, R., Cooperman, G., Cosmo, G., Degtyarenko, P., dell’Acqua, A., Depaola, G. O.,
Dietrich, D., Enami, R., Feliciello, A., Ferguson, C., Fesefeldt, H., Folger, G., Foppiano, F., Forti, A.,
Garelli, S., Giani, S., Giannitrapani, R., Gibin, D., Cadenas, J. J. G., González, I., Abril, G. G., Greeniaus,
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